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The possibility to test quantum measurement theories is discussed in the more phenomenological
framework of the quantum nondemolition theory. A simple test of the hypothesis of the state
vector collapse is proposed by looking for deviations from the Boltzmann distribution of the energy
associated to only one complex amplitude of a macroscopic oscillator.
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The long debate on the foundations of quantum me-
chanics and the Copenhagen interpretation gave rise to
speculations on the possibility of statistical interpreta-
tions of this theory. In particular the necessity for a pos-
tulate on the collapse of the state vector after a measure-
ment has also been discussed. Alternative quantum mea-
surement theories which are able to recover all the statis-
tical results of the orthodox approach without such a pos-
tulate have been developed [1]. The success of standard
quantum mechanics and the impossibility to experimen-
tally distinguish it from more refined approaches without
individual interpretation or absence of postulates on the
effect of the measurement process on the state vector is
related to the field of application of such a theory, namely
the microscopic world. All the empirical facts known on
the microscopic world are based on averaged measure-
ments on ensemble of particles and in this way the two
approaches, statistical (Einstein, Schroedinger) as well as
individual (Born, Bohr), are “degenerate”, i.e. they can-
not be distinguished. A possible discrimination between
these two interpretations of quantum mechanics may be
obtained by measuring in a quantum regime of sensitiv-
ity some observable of a single macroscopic body such as,
for instance, the position. This possibility has not been
seriously taken into account for a long time, due to the
experimental difficulties of high-precision measurements
of position. At the same time this drawback has been
the basis of the understanding of the classical limit, as
usually shown in the standard textbooks of quantum me-
chanics. Indeed, in a typical macroscopic body, mainly
due to the relevant mass, the action is very large com-
pared to the natural unit for it in quantum mechanics,
the Planck constant. Thus, provided that the classical
sources of noise are large, a classical schematization for
all the macrophysics systems, and in particular for the
measuring apparatus, is enough.
On the other hand, there has been considerable
progress in the measurement technology of small values of
the action through the reduction of the classical sources
of noise, mainly motivated by the stringent requirements
for high-precision measurements of space-time in exper-
imental gravitation to test post-Newtonian effects [2, 3].
All this has given rise to a new field of research consisting
in the study of the effect of a quantum-limited read-out
on the state of a macroscopic harmonic oscillator [4–7].
In this letter I would like to discuss quantum-limited
measurements on macroscopic oscillators concerning in
particular the possibility to obtain results of interest on
quantum theory of measurement with a dedicated exper-
imental set-up and a proper strategy of measurement.
The limitations which quantum mechanics gives on the
sensitivity of a position measurement have been analyzed
in detail from various points of view in the framework
of a quantum-mechanical formalism including the postu-
late on the state vector reduction [8]. The existence, in
such a framework, of the so-called quantum nondemoli-
tion (QND) observables has been recognized [5, 6]. By
implementing a QND strategy, one can repeatedly moni-
tor an observable of a quantum system without affecting
the predictions of the new result on the next measure-
ments. In order to do this, some conditions, on both
the observable and the measurement strategy, have to be
satisfied. We recall (see [6] for an overview) that a QND
measurement of the observable Xˆα is obtained provided
that the interaction Hamiltonian Hˆi between the mea-
sured and the measuring systems satisfies
[Hˆi, Xˆα] = 0. (1)
Furthermore, only particular observables can be repeat-
edly monitored without affecting the output of a new
measurement, and the required condition is that the ob-
servable commutes with itself at the different instants
during which measurement are done
[Xˆα(ti), Xˆα(tj)] = 0. (2)
Whenever (1) ad (2) are satisfied QND strategies of mea-
surement may be performed. The physical meaning of
QND measurements on the position of a macroscopic
body is then obtained by thinking of the following pro-
cedure: in a first measurement the state is prepared, ac-
cording to the state vector postulate, in the eigenstate of
the obtained eigenvalue. The next measurements are all
exactly predictable, due to (2), on the basis of the Heisen-
berg evolution, provided that the interaction Hamilto-
nian does not affect he monitored observable according
to (1). A possible discrepancy between the predicted
2measurements and the ones really done gives quantita-
tive indications on the change of the state as that due
to an external force, i.e. the original goal of the QND
techniques. Furthermore, despite the quantum regime
and due to their particular nature, QND strategies give
rise to well-defined measurements also on a single sys-
tem. This it is possible to overcome the requirements on
a statistical ensemble of measured objects usually done
for quantum systems; only one system is enough to ob-
tain deterministic predictions and measurements. In this
sense observable monitored with a QND strategy have
a behaviour completely similar to their classical coun-
terparts or, in other words, they constitute a classical
subset between all the possible measurements in a quan-
tum regime. This point, although it seems paradoxical,
has already been stressed in other papers (for example in
[9]).
These techniques are currently implemented, although
in a fully classical regime, on real experiments by vari-
ous gravitational groups in view of their use on the third
generation of gravitational wave antennas [10–14]. Two
questions related to this last remark arise: how far are
we from a quantum-limited noise scenario for a real ex-
periment? How is it possible to test the wave function
collapse hypothesis by means of such techniques?
The answer to the first point requires the introduc-
tion of some notions on the detection of small diplace-
ments of macroscopic oscillators, although we refer to [7]
for a detailed description of the so-called electromechan-
ical transducers. A general scheme for the detection of
small forces consists at least of a mechanical oscillators,
an electrical oscillator, an electromagnetic reservoir (also
called pump) which allows correlations between the time
evolution of the two oscillators (it is responsible for the
interaction Hamiltonian), and an amplifier. All these el-
ements are characterized by well-known classical sources
of noise. Brownian and Johnson noise in the oscillators,
amplitude and phase noise in the electromagnetic reser-
voir (pump noise) and amplifier noise. The Brownian
noise is reduced at a low level by cooling the mechanical
oscillator at now temperature. The average energy vari-
ation due to the Brownian drift in a time ∆t, referred
to the quantum of energy ~ω1 of a mechanical oscillator
having frequency ω1/2pi, is equal to
η1 =
∆Ebr
~ω1
=
kBT
~ω1
∆t
τ1
(3)
T being the thermodynamical temperature and τ1 the
relaxation time of the mechanical oscillator. The next
generation of gravitational-wave antennas is planned to
operate at a temperature of (50 ÷ 100) mK by means
of dilution refrigerator facilities [15]. In this situation,
typical values available for the previous parameters are
T ≃ (50 ÷ 100) mK, ω1 ≃ 10
4 s−1, ∆t ≃ 10−2 s,
τ ≃ (103 ÷ 104) s giving η1 ≃ 1. Thus the transition
probability between different energy levels due to quan-
tum uncertainty begins to be comparable to the transi-
tion probability due to thermal fluctuations. The same
analysis may be repeated for a low dissipation (supercon-
ducting) electric circuit obtaining a similar noise figure
η2 =
kBT
~ω2
∆t
τ2
(4)
with η2 ≃ 1 by assuming T ≃ (50 ÷ 100) mK, ω2 ≃
107 ÷ 108 s−1, ∆t ≃ 10−2 s, τ ≃ 1 s. The amplifier
noise may be very low, of the order of few noise quanta
ηa = 1 ÷ 10, by using SQUIDs or GaAs amplifiers [16–
18]. The current troubles come from the amplitude and
phase noise and in order to overcome this limitation bal-
anced bridge configurations for the electrical circuit are
used [10, 19]. However the corrections to the maximum
squeezing due to the pump quantum fluctuations have
been already calculated by using the second quantiza-
tion formalism [20]. Therefore it would be clear that a
refined technology is available which, although originally
developed in the context of the gravitational wave detec-
tion, is mature enough to perform real measurements on
macroscopic oscillators near the quantum limit. Further-
more in an experiment dedicated to test QND measure-
ments some typical constraints imposed on the design of
a gravitational wave detector may be relaxed. For in-
stance it is possible to choose higher mechanical frequen-
cies, improving the acoustic insulation of the apparatus,
small masses in order to increase the zero point displace-
ments (∆x ≃ (~/mω)
1/2
), very low temperatures by us-
ing adiabatic demagnetization, already available down to
(10−4 ÷ 10−5) K for small times and small masses [21].
Small values for the test masses are also welcome for the
application of atomic force microscopy which begins to
be used for high-sensitivity measurements of positions
[22, 22, 24].
Now we analyze the second question, i.e. how to obtain
information on the possible existence of the wavefunction
collapse. As appears from the previous discussion on the
sources of noise, the macroscopic oscillator is in thermal
equilibrium with an external reservoir. The effect of the
reservoir can be taken into account by simply adding to
the Hamiltonian of the system a term which expresses
the effect of the Brownian stochastic force. This stochas-
tic force is responsible for the coupling of the system to
the external world and gives rise to a well-defined energy
distribution in which a temperature may be introduced.
Indeed it is well known that the classical analysis of a
force acting on an oscillator at thermal equilibrium is
done by looking for the energy distribution ρ(E) (see for
instance [7]). This distribution, at thermal equilibrium
and in the absence of external forces of nonstochastic
nature, is given by the Boltzmann relation
ρ(E) = α exp (−E/kBT )
= α exp [−mω2
1
(X2
1
+X2
2
)/2kBT ], (5)
3where, in the last expression, the distribution has been
written in terms of the two complex amplitudes of the
harmonic oscillator X1 and X2 defined as
X1 = Re
[(
x+ i
p
mω1
)
exp [iω1t]
]
,
X2 = Im
[(
x+ i
p
mω1
)
exp [iω1t]
]
. (6)
It is possible to prove that the complex amplitudes of
a harmonic oscillator are QND observables [6]. A clear
prediction of the QND theory is that, whatever the value
of the thermodynamical temperature, the energy distri-
bution for the X1 degree of freedom monitored in a QND
way remains Boltzmann-like also in a quantum regime,
i.e.
ρ1(E1) = α · exp (−E1/kBT1)
= α · exp (−mω2
1
X2
1
/2kBT1), (7)
where T1 is the effective temperature for the phase X1
only due to the Brownian motion. This is of course due to
the absence of effects onX1 of the quantum noise induced
in the measurement, this last affecting only the complex
amplitude X2. This means that, despite the quantum
regime, the statistics for the degree of freedom X1 mea-
sured in a QND way is classical. A more detailed discus-
sion of the classical properties of the QND measurements
is given in [9] where the authors apply the Feynman path
integral formalism in order to have the classical limit al-
ways in evidence. The energy distribution for X2 will
be unpredictable on the pure basis of statistical mechan-
ics, being affected by the quanta randomly introduced
during the measurement process. Thus, no effective tem-
perature for the quantum-demolished phase X2 may be
introduced, due to the highly nonequilibrium states in-
duced by the quantum during the measurements. The
observation of deviations from the Boltzmann distribu-
tion (7) for X1 below a given temperature, provided that
it does not arise from other sources as for example ex-
ternal forces, will give indications on possible departures
from the collapse of the state predicted by the orthodox
approach on which QND theory is based. In other words,
if the Copenhagen interpretation is true QND observables
exist and it will therefore be possible to observe a classical
distribution of the energy associated to the measurement
of these observables.
It is thus evident that there already exists a phe-
nomenological scenario in which quantum measurement
theorists may quantitatively apply their ideas by com-
puting predictions for a real experiment. On the other
hand, it is also clear that, in order to achieve such a goal,
all the noise figures previously cited have to be obtained
simultaneously within the same set-up and this is surely
a difficult task.
However this scenario, if properly developed, can give
good prospects for small-scale dedicated experiments on
QND measurement strategies. At the same time this
framework gives rise to interesting purely theoretical in-
quiries about the determination of the energy distribu-
tion of a macroscopic oscillator on which measurements
of general kind, not necessarily of QND nature, at a quan-
tum sensitivity are performed having, at the same time, a
weak thermal equilibrium due to fluctuation-dissipation
forces. Furthermore it is interesting to analyse, both the-
oretically and experimentally, the time reversal in such
a kind of systems. In this way it would be possible to
understand if the two kinds of irreversibility today en-
countered in physics, i.e. the one coming from statistical
mechanics and the other originating from the measure-
ment process in quantum mechanics, have the same ori-
gin according to a conjecture of Landau and Lifshitz [25]
and as it is further formally suggested by the Feynman
approach to quantum mechanics and quantum field the-
ory [26].
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